Antiferromagnetic spintronics actively introduces new principles of magnetic memory, in which the most fundamental spin-dependent phenomena, i.e. anisotropic magnetoresistance effects, are governed by an antiferromagnet instead of a ferromagnet. A general scenario of the antiferromagnetic anisotropic magnetoresistance effects mainly stems from the magnetocrystalline anisotropy related to spin-orbit coupling. Here we demonstrate magnetic field driven contour rotation of the fourfold anisotropic magnetoresistance in bare antiferromagnetic Sr 2 IrO 4 /SrTiO 3 (001) thin films hosting a strong spin-orbit coupling induced J eff =1/2 Mott state. Concurrently, an intriguing minimal in the magnetoresistance emerges. Through first principles calculations, the band-gap engineering due to rotation of the Ir isospins is revealed to be responsible for these emergent phenomena, different from the traditional scenario where relatively more conductive state was obtained usually when magnetic field was applied along the magnetic easy axis. Our findings demonstrate a new efficient route, i.e. via the novel J eff =1/2 state, to realize controllable anisotropic magnetoresistance in antiferromagnetic materials.
Introduction
Antiferromagnets have been garnering increasing interest in the spintronics community, due to their intrinsic properties such as zero stray magnetic field, ultrafast spin dynamics, and rigidity against external fields [1] [2] [3] [4] . The observation of anisotropic magnetoresistance (AMR) and even memory effect in antiferromagnetic (AFM) materials represent a major step in the field of AFM spintronics in which the antiferromagnet governs the transport instead of just playing a passive supporting role in the traditional ferromagnetic (FM) spintronics [5] [6] [7] [8] .
Here the fundamentals rely mainly on the magnetocrystalline anisotropy in the antiferromagnets, arising from the relativistic spin-orbit coupling (SOC). Since this anisotropy energy is an even function of ordered spins [9, 10] , it is feasible to electrically read out the spin axis of staggered spins in an antiferromagnet through AMR effects which is the magnetotransport counterpart of the anisotropy energy. For instance, as confirmed in several AFM materials, rotating the AFM spin-axis with respect to crystal axes leads to variations in electric conductivity, and as a consequence AMR is evidenced [5] [6] [7] [8] [11] [12] [13] . Although previous studies have successfully realized AFM-based AMR (AFM-AMR) through various approaches, it remains a great challenge to tailor the AMR in AFM materials, which hinders the recognition of the full merits of antiferromagnets.
Recently, the strong SOC in some AFM iridates is found to be essentially involved in Mottness of 5d electrons, i.e. opening a band-gap by the collaborative effect of strong SOC and moderate Hubbard repulsion, forming a novel J eff =1/2 state [14, 15] . Such a J eff =1/2 state, with the SOC as its ingredient, provides nontrivial playground to engineer the AFM-AMR, which may lead to unusual AMR phenomena. In addition, the strong SOC in iridates essentially entangle both the spin and orbital momenta, thus giving rise to a J eff =1/2 character of the Ir magnetic moments [16] . This is fundamentally distinct from the situation in most previously studied AFM alloys where the SOC and magnetic moments often have different sources, i.e. the SOC arises from heavy elements while the magnetic moments come from 3d transition metals [2, 3] . Therefore, the iridates with novel J eff =1/2 state are leading candidates for comprehensively understanding the physical link between the AMR and magnetocrystalline anisotropy related to strong SOC, and exploring possibly controllable AFM-AMR.
Here we demonstrate a contour rotation of the fourfold AMR in the prototypical J eff =1/2 AFM semiconductor Sr 2 IrO 4 (SIO) thin films grown on (001) SrTiO 3 (STO) substrate. Concurrently, an abnormal magnetoresistance (MR) minimal is evidenced. With the help of first-principles calculations, the band-gap engineering due to the rotation of Ir's isospins is revealed to be responsible for these phenomena, as a new route to manipulate the AFM-AMR.
Results and Discussion

Sample preparation and characterization
Because of IrO 6 octahedra rotation (α~11.8°) with respect to the c axis, Sr 2 IrO 4 has an expanded tetragonal cell. The Ir isospins, containing remarkable orbital contribution, prefer the AFM order within the ab plane, and show a collective deviation of the isospins from the a axis, defining the isospin canting angle ϕ~13° [17, 18] . Jackeli et al. theoretically revealed that the angle ϕ rigidly tracks the lattice distortion α, i.e., α~ϕ [19] . A net moment was found to exist in each IrO 2 layer, arising from the isospin canting [17, [20] [21] [22] [23] . By applying small magnetic field within the ab plane, a spin-flip transition can be triggered, resulting in a weak FM phase in Sr 2 IrO 4 [20, 24, 25] . This provides a natural handle to drive the planar AFM orders by external magnetic field in Sr 2 IrO 4 . The magnetic structure is schematically shown in Figure 1(a) .
To preserve the spin-orbit coupled AFM orders, epitaxial Sr 2 IrO 4 thin films with thickness of ~40 nm were grown on (001) STO substrates, considering the good lattice fit between the film and the substrate. The Sr 2 IrO 4 thin films exhibit a layer-by-layer growth mode, evidenced by the 2-dimensional reflection high energy electron diffraction (RHEED) image and intensity oscillations ( Figure S1 ). The thin films are of pure phase and high quality, identified by detailed structural characterizations ( Figure S2 ) [26] . The x-ray reciprocal space mappings (RSM) shown in Figure 1 [14] . In the M(T) curves of both field cooling (FC) and zero field cooling (ZFC) sequences shown in Figure 2 (b), clear FM phase transition can be identified at T=T C ~230 K, arising from the Ir isospin canting as sketched in Figure   1 (a). Note that here the FM transition is sharp and the T C is close to the value seen in Sr 2 IrO 4 bulk crystals [20, 24] , confirming the high quality of our thin films. Further evidence to the weak FM phase is provided by M(H) measurements at various temperatures, and a saturated magnetization is estimated to be M s ~0.03 μ B /Ir at T=10 K (Figure S3) , which is slightly smaller than the value in bulk crystals [24] . Accompanying with the field induced isospin-flip transition at H~0.2 T, ρ shows a quick decrease with H, evidencing a significant suppression of the spin-dependent transport scattering effect ( Figure S3 ).
By applying H along different directions, two interesting features can be seen in the MR data measured at various temperatures, shown in Figure 2 H-induced MR minimal is followed by evident hysteresis, indicating that the system undergoes a metastable state when sweeping H. Similar MR minimal was recently seen in heavy fermion metal CeIn 3 with large SOC, while the critical field (~60 T) was found to be one order of magnitude higher than the present case [27] .
AMR contour rotation
To gain further insight into the field induced anisotropic transport, comprehensive AMR characterizations have been carried out, as shown in Figure 3 . The device geometry for the AMR measurements is shown in Figure 3 Note that the magnetic easy axis of Sr 2 IrO 4 is along the [110] direction (Φ~45°, not exactly because of the isospin canting) [17, 18] . Therefore, the fourfold AMR-I can be understood by the scheme of magnetocrystalline anisotropy, while a spot of contribution from normal AMR effect cannot be excluded considering the planar device geometry.
Further increasing H to ~5 T causes significant suppression of the AMR-I, and instead activates another fourfold AMR symmetry (i.e., the AMR-II, in which the peaks are indicated by arrows) as H >5 T, which has a ~45° shift relative to the AMR-I. A critical field H c of the AMR-I to AMR-II transition is estimated to be H=H c~5 T, by plotting the peak positions of the AMR as a function of H, shown in Figure 3 Regarding the AMR-II, it still has a repetition duration of ~90°, while its minima appear along the pseudo-tetragonal axes of Sr 2 IrO 4 (i.e., the [100] direction) which have a 45° shift relative to the basal magnetic easy axes (i.e., the [110] direction). In this sense, the emergence of the AMR-II could not be explained simply by the magnetocrystalline anisotropy as for the AMR-I. This will be discussed in details by combining with first principles calculations in the discussion section.
Stable directions of the antiferromagnetically ordered spins are separated by the magnetocrystalline anisotropy energy, and switching in-between these states by overcoming the energy barrier may lead to hysteresis. On one side, studying the switching dynamics would be of benefit to deeply understand the observed AMR effects. On the other side, for memory applications, hysteresis allows for non-volatile recording, while non-hysteretic may provide low-loss in magnetic sensors [6, 28] . To address this, Figure 4 (a) presents AMR traces recorded by rotating H from Φ=0° to Φ=360°, and then back to Φ=0° at T=50 K. Note that there is no hysteresis at the rotation starting position, which can be used to disregard buckling problems in our experiments. This is further confirmed by repeating the measurements with different initial angles. Evident hysteresis can be seen in the AMR traces especially at low field range. For instance, the hysteresis is as large as ΔΦ~14° at H=0.3 T. Increasing H causes notable suppression in ΔΦ, and finally a rather small ΔΦ~1° is seen at H=9 T. By comparing the AMR transition characteristics Φ(H) (Fig. 3(e) ) and the hysteresis evolution ΔΦ(H) (Figure 4(d) ), we can see that the two show intimate correlation with each other. At low field region with H<0.5 T, the fourfold AMR-I is gradually stabilized, and the hysteresis ΔΦ decreases from 14° to 5° with increasing H. The relatively large ΔΦ may be due to additional contributions of stabilizing the weak FM phase. At 0.5 T<H< 5 T, the AMR-I possesses uniform hysteresis with a certain ΔΦ~5°, arising mainly from the magnetocrystalline anisotropy energy in Sr 2 IrO 4 as discussed above. At 5 T<H< 9 T, however, the AMR-II shows a nearly non-hysteretic behavior with minor ΔΦ~1°, suggesting that the isospins could go freely through the crystal axes in the thin films.
Theory of AMR of Sr 2 IrO 4
We now have shown the magnetic field induced fourfold AMR contour rotation and concurrent MR minimal in the spin-orbit AFM SIO/STO thin films. These phenomena have not been reported yet, to the best of our knowledge.
To understand the microscopic physics of the unusual anisotropic magneto-transport in the thin films, we performed calculations based on density functional theory (DFT) using Vienna ab initio [17, 21, 22, 29] .
We then perform the calculations for strained Sr 2 IrO 4 to simulate thin films on the top of (001) STO substrate. The calculated results are listed in Table I . After including the strain effect, the magnetic easy axis remains the [110] direction. The ratio of μ L /μ S is found to be ~2.58 for SIO/STO, although the total magnetic moment of Ir is almost unchanged (<5%) upon strain. The isospin canting angle is meanwhile derived to be ϕ~5.3° with respect to the [110] direction for SIO/STO. Physically, strain can modify Ir-O-Ir bond angles in the ab plane, which tune the single-ion anisotropy, Dzyaloshinskii-Moriya interaction, as well as exchanges. Thus, the canting angles are naturally changed a little bit upon strain. The evolutions of both μ L /μ S ratio and ϕ with strain are in agreement with previous dynamical mean field theory calculations (DMFT) [29] .
As shown in Table I , the calculated magnetocrystalline anisotropy energy is ΔE ~ 1.01 meV/u.c.
(or ΔE ~0.13 meV/Ir). This is quite close to the calculated value (ΔE ~0.19 meV/Ir) for Ba 2 IrO 4 [30] . Such magnetocrystalline anisotropy can explain the AMR-I observed under relatively low magnetic field. As in many other magnetic systems, relatively stronger suppression of magnetic scattering (a consequence larger MR) would be expected when magnetic field is applied along the magnetic easy axis, which is confirmed by the results shown in Fig. 2(c) and (d) . Then the AMR-I can be straightforwardly understood using this conventional mechanism of axis-dependent suppression of magnetic scattering.
Regarding the AMR-II, the relatively more conductive channel is shifted by ~45° to along the Figure S5 . Similar to previous theoretical works [14, 29, 31] , we found that taking the strong SOC and effective Hubbard repulsion U eff into account is vital for the gap-opening in Sr 2 5.0 meV). It should be noted that the gap calculated using the GGA-PBE in VASP is typically smaller than the experimental one (or other theoretical values calculated using DMFT) [14, 29] . Even though, these values are qualitatively comparable, i.e. E g [110] >E g [100] , which is in agreement with the previous calculated results [11] . This difference can well explain the emergence of the AMR-II in the SIO/STO thin films. The band gap E g [100] (~25.9 meV) is always smaller than E g direction. Thus the AMR-I, which is contributed by the suppression of magnetic scattering, should be negligible in this situation. Instead, since all isospins follow the magnetic field, the intrinsic band gaps tuned by isospins' direction will determine the transport, leading to the AMR-II.
According to the calculated band structures, the minimal in the MR of H//[110] can be explained as following. Magnetic twin domains have been demonstrated in bulk SIO, owing to the tetragonal symmetry [22] . In the present SIO/STO thin films, similar twinned magnetic domains are to be expected, since the tetragonal structure is preserved and the strain in the thin films is tiny, as evidenced by the structural characterizations. Upon increasing H, the domains are eventually aligned to let the FM moment approach H, leading to suppression of spin-scattering such as quick enhancement in MR at low fields (Fig. 2(c) and (d) 
Conclusion
In conclusion, well controllable AMR effect and concurrent MR minimal are evidenced in the Sr 2 IrO 4 thin films hosting a novel J eff =1/2 Mott state, which can be observed in a broad temperature range up to the AFM transition. Our first-principles calculations reveal that these two phenomena should be mainly attributed to band structure engineering when rotating the AFM-axis laterally in the thin films. Our results unequivocally link the J eff =1/2 Mott state to the AFM-based AMR, which would be scientifically interesting and important for AFM spintronics, since the realization of AMR represents an important step towards the manipulation and detection of AFM orders. In addition, our work evidences a direct correlation between the inherent AFM-lattice and the band structure in Sr 2 IrO 4 , which provides useful information to understand the nature of magnetic interactions in iridates.
Experimental section
The Sr 2 IrO 4 thin films were epitaxially grown on STO (001) substrate using pulsed laser deposition system equipped with in-situ RHEED. The growth parameters were carefully optimized, and the details can be found in our previous work [26] . The film thickness of 40-nm was monitored by the RHEED intensity oscillations.
X-ray diffraction characterizations, including regular theta-2theta scan, reciprocal space mapping, and rocking curves were carried out using a Philips X'Pert diffractometer. Magnetic characterizations were performed using a superconducting quantum interference device by Quantum Design. The M(T) curves were measured for both field cooling and zero field cooling sequences, and the cooling and measuring field was set at H=0.1 T. Magnetization as a function of H were measured at various temperatures after a ZFC sequence. During the magnetization measurements, H was applied along the [100] direction. Electric transport measurements with exciting current I //[100] direction were performed using a standard four-probe method in a Quantum Design physical property measurement system equipped with a rotator module. With regard to the anisotropic magnetoresistance measurements, I is applied always along the [100] direction, and the magnetic field H is rotated within the basal plane of the films. Maximum magnetic field allowed by the transport measurement set-up is 9 T.
In DFT calculations, the Hubbard repulsion U eff =U-J=3 eV is concluded and the SOC effect is considered with noncollinear spins. The plane-wave cutoff is 550 eV and the 6×6×2 Monkhorst-Pack k-points mesh is centered at Γ points. Starting from the experimental tetragonal structure of bulk SIO, the lattice parameters and inner atomic positions are fully optimized till the Hellman-Feyman forces are all less than 0.01 eV/A [32] . To simulate the strain in thin films, the in-plane lattice constants of SIO are fixed to be the same as the substrates. Our calculations were done without considering surface and interface, noting that the films are already 40 nm in thickness, sufficiently thick that the bulk properties are believed to be dominant. The isospin moments are initialized along particular axes (without canting), but not artificially constrained. The magnetic caning is obtained via self-consistent calculations. 
